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Abstract 

We present a new class of constraints to the lepton-family number and 
7?—parity violating couplings from muonium conversion, -|- 22^1 —> e“ -|- 
22 Ti, a class of tan decays, r —> /-|- (light meson) with I = fj, ov e, and J/if 
and decays into a lepton pair. We find that -|- 48Ti ^ e- + iTi pro¬ 
vides one of the strongest constraints along with Am;^,Ams, p —> ey and 
the neutrinoless double (5 decay. Search for these lepton-family number vio¬ 
lating (LFNV) decays forbidden in the standard model is clearly warranted in 
various low-energy experiments such as Tau-Charm Factories and PSI, etc.. 
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I. INTRODUCTION 


Lepton-family numbers are accidental global symmetries of the standard model (SM), 
and thus the electron, muon, and tan lepton numbers (denoted by Le,L^, and L^, respec¬ 
tively) are separately conserved as well as the total lepton number, Ltot = Le + L^ + L^-. On 
the contrary, this is no longer true in the Minimal Supersymmetric Standard Model (MSSM) 
|T[]. Supersymmetry, gauge invariance, and renormalizability do not forbid the following lep¬ 
ton number and/or baryon number violating terms in the renormalizable superpotential 0 


= I L,LiEi + Ayt LtQ,Dt + i A", UfOpt + 


( 1 ) 


where the meaning of L, Q, and H 2 should be self-evident, and the indices i, 

j, and k refer to families. The SU{3)c color and the SU{2)l group indices are suppressed 
for simplicity, and we have Xijk = —Xjik and = — Aj^^. The first two and fourth terms 
in Eq. (2) are lepton number violating, whereas the third term is baryon number violating. 
It has been well-known that there is a very tight constraint on A A from nonobservation of 
proton decay ^ |Q. 

The most popular solution to such a stringent bound is to introduce a discrete symmetry 
called i?—parity defined as 


Rp = (- 1 ) 




( 2 ) 


where B, L^ot, and S are the baryon number, total lepton number, and intrinsic spin of a 
particle, respectively. Then the ordinary particles appearing in the SM as well as the extra 
Higgs boson in the MSSM are i?—parity even, whereas their superpartners are i?—parity 
odd. Therefore, the i?—parity conservation implies that the superpartners of ordinary par¬ 
ticles be always produced in pairs, and that the lightest supersymmetric particle (LSP) be 
stable. This property of LSP puts a strong constraint on the possible phenomenology at col¬ 
liders. Also the LSP plays a potentially important role in cosmology as a (cold) dark matter 
candidate |^. This interesting symmetry, the i?—parity, can be introduced even naturally 
0 , that is, without any other symmetry except a gauge symmetry and supersymmetry. 

However, the existence of the i?—parity symmetry itself has not been confirmed. It is 
clearly worth looking for the i?—parity violating processes and deriving the constraints on 
the i?—parity violating couplings. The proton decay originated from the i?-parity violating 
terms can be evaded by assuming a weaker condition than the i?-parity conservation, either 
A = 0 or A =0. The latter corresponds to the baryon-number conservation. The last 
term in Eq. (2) can generate neutrino masses [0], and have interesting phenomenological 
consequences. However, it is irrelevant to the four-fermion processes considered in this 
paper, and thus will be ignored from now on. In the case of the lepton-number conservation 
(A = A =0), constraints on the baryon number violating couplings Aj^^ can be obtained 
from various hadronic processes 0. In this work, we relax the i?—parity conservation 
assuming the baryon-number conservation, A = 0, and derive new bounds on A^ ^A*^ \ There 
are many earlier papers where constraints on A^ ^A^ ^ (assuming A =0) were derived from 
various low-energy processes 0, including the neutrinoless double beta decay m- Recently, 


Choudhury et al. [111 assumed that A = 0, and obtained constraints on the lepton number 
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violating terms, ^ considering the neutral meson mixing, the flavor changing decays 

of K, B mesons, and rare three-body leptonic decays of /i and r such as —>■ 3e and 
T —>■ 3e, 3/i, e2/x, or /r2e. They got quite stringent limits on some combinations of these 
couplings and the masses of superpartners of ordinary matter. Still, some couplings remain 
either unconstrained (such as A 322 , A 323 ), or only weakly constrained (such as A 22 fc, ^isk except 
A 333 ) from the consideration of Ref. []^. So far the most stringent limits have come from 
ArriK, Am^, K —> iji~, fi —> ey [pjlTIl and the neutrinoless double beta decay experiments 
I 0 | , all of which yield A^'^A^'^ < 10 “® — 10 “^. 

In this work, we consider various low energy processes with lepton-family number viola¬ 
tions (LFNV) which can be induced/affected by the A and A couplings in Eq. (1). In Sec. II, 
we consider the muonium (M) —*■ antimuonium (M) conversion and -|- 22 Ti —e-iTi, 
and And that the latter process gives one of the most stringent limit on AA*- \ In Sec. Ill, 
we consider a class of r decays with LFNV, t ^ 1 + (light meson). Here, / = e or /i, and the 
“light meson” represents a pseudoscalar {PS) such as 7 r°,y,iF°, or a vector meson {V) such 
as 0 , 0 ;. In Sec. IV, we derive constraints from J/' 0 (or 7 r°) —>• and 7 r° —*• 

Then, we briefly summarize our results in Sec. V. 

Before closing this section, let us write the R—parity violating interaction lagrangian in 
terms of component fields : 


Pint,^p ^ijk 


+ A 


■ijk 


ViL^kR^jL + GjLekRk'iL + e*f,ji{l>iL)'^ejL 
{^iLdkRdjL + djldkRJ^iL + dkR{^iL)^djL^ 


( 3 ) 


-Vjp ( ^iidkRUpL + UpidhRCiL + d*j.^{eiL)^UpL ) -l- h.c 


We have taken into account the flavor-mixing effects in the up-quark sector in terms of 
the CKM matrix elements, Vjp. The disalignment between fermion and sfermion fields will 
be ignored, since it is strongly constrained from the suppression of the Flavor Changing 
Neutral Current (FCNC) processes. The sparticle fields in Eq. (3) are assumed to be the 
mass eigenstates. 

Integrating out the superparticles such as sneutrinos or m— squarks, we get the effective 
lagrangian involving four fermions in the SM. (In this work, we will not be concerned about 
the four-fermion interactions with neutrinos such as tt —>■ lu.) For example, by integrating 
out the sneutrino fields, we get the lARI = 2 effective lagrangian. 


^|A5|=2 

^eff 


E 


dRSL diSR, 


9 

ml 


( 4 ) 


and similarly for the | Ai?| = 2 effective lagrangian. One can also get the effective lagrangian 
for Qi + ^ Ck + ei hj integrating out the sneutrino and the squark fields. The resulting 

effective lagrangian contributes to the processes, /i-f^lTi —>• and r —> I + PS{oy V), 

where / = e or /r, PS = 7 r°, y, or K, and V = a;, K*^, or 0. For q = d, we have [] 


^We do not agree with D. Choudhury and P. Roy |11], in the detailed form of the effective 
lagrangian for d* -|- dj ek + ei. Compare our Eq. (5) with Eq. (7) of Ref. |11]. 
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n 


^nijKikl^kL&lR^jRdiL + ^nlk^nji^kR^lLdjldiR 


Y1 \njKmi^kLYeiLdjR'y^,diR. 

m,n,p ^ ^ULp 


( 5 ) 


The first term comes from the sneutrino exchanges, whereas the second comes from the 
M—sqnark exchanges. We have used the Fierz transformation in order to get the second 
term. There is another effective lagrangian for qi +T[j —>• + e^, with g’s being up-type 
quarks, which can be obtained from Eq. (3) by integrating out the d—squark fields : 


j^{ui T Uj ^ T C/) 


E \' ^mi^jn 

-^Imp-^knp 2 
m,n,p '"-dup 

E \' ^mi^jn 

-^Imp-^k 


m,n,p 


Hmp^^knp 2fYi^ 


^Rp 


{eiLTuiLUjL {ekLT 
^kL'y ^IL 


( 6 ) 

(7) 


after the Fierz transformation. 


II. CONSTRAINTS FROM MUON CONVERSION 


A. Muonium —> antimuonium conversion 


Let us hrst consider the muonium conversion, M(= p^e~) M{= pTe^). The four- 

lepton effective lagrangian relevant to the muonium conversion (AL^ = —AL^ = —2) can 
be obtained from Eq. (§) by integrating out the sneutrino helds : 




p e 


-) = 


'^321-^312 


2 

mf, 


Pr^lPlGr, 


( 8 ) 


In Eq. (|), we have used the antisymmetry of the couplings, Xijk = —Xjik, in order to simplify 
the sneutrino contributions. The muonium conversion probability is usually translated into 
the upper limit on the hypothetical coupling defined as 


C{M ^ M) = (he)v_A {^^e)v+A + h-c-- (9) 

Our effective Lagrangian, Eq. (8), is the same as Eq. (P) after the Fierz transformation, with 
the following identihcation 


^MM _ -^ 321^332 

V2 


( 10 ) 


Therefore, the conventional limit on can be readily translated into the violating 

couplings. 

The muonium conversion probability depends on the external magnetic held Sext in a 
nontrivial way. This subject was recently addressed in detail by a few groups |T^, and we 
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use their results in the following. From the present upper limit on the transition probability 
for the external magnetic field i?ext = 1-6 kG, 


^ M) < 2.1 X 10“^ (gO^oG.L.), 


( 11 ) 


one gets the following contraint on < 9.6 x 10 |. This in turn implies that 


|A23iAt32l < 6.3 X 10-3 


UOO GeV; 


( 12 ) 


This constraint on the F—parity violating A couplings is in the same order with other 
constraints derived from lepton-flavor violating r decays such as t ^ 31 or ll ~ (with 
/,/' = /r, or e) 0. 


B. /i -|- 22 Ti —> e -f 22 l’i conversion 


- I 48r 


In this subsection, let us consider the p” -|- 22 Ti e~ + 22 Ti induced by the F—parity 
violating A x terms. The relevant effective lagrangian at the parton level can be written 
as 


= 2 dRlo^dR + UplaUL 

dfidp + FRhL dpdR 


(13) 


where and can be obtained from Eqs. (5) and (6) as follows 

1/t V 

Ad _ , Sr ' 

^pTi ~ “T 2^ 


9 

Til- 

m,n^p ULp 


A 2 nlAlnl 


E 


A 




2 n \’ 


for ^ ^ 

LyjL y np '-^npi 


Tfl ~ 


AtTi E) 

m,n,p 

n 

= -E 

n 

= -E 


Qd,l _ 

^p,Ti 


^ dn 




\ \ * 
'^2mp'^lnp'> 


for \k = S 

lui V rip Gnp-, 


AnllAnl 2 ! 


Qd,2 

‘^pTi 


n 


A*„A 


11 X 7121 - 


( 14 ) 


( 16 ) 


( 16 ) 

( 17 ) 


^ This type of interaction also arises in theories with dilepton-gauge bosons {Y^, |]T^, such 

as the 331 model considered by Frampton et al. |W|. This limit on the coupling is translated 

into a lower bound on the mass of the dilepton-gauge boson, My±± > (690 GeV)^. 
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In many supersymmetric theories with lepton-family number violation, the iJi~ —> e~ 
conversion on the nucleus occurs through the electroweak penguin diagram, —>■ 

e~ + 7 *(or Z*), or through the box diagrams, /i“ + g —> e“ + g (with q = u,d) where various 
superparticles run around the loop. In our case with explicit Rp violations, on the contrary, 
the effective lagrangian Eq. (13) arises at the tree level via superparticle exchanges in dif¬ 
ferent channels. Therefore, the usual loop-induced /i“ —> e~ conversion on the Ti nucleus 
would be suppressed by 0 (a/ 167 r^) compared with the tree level contribution from the above 
effective lagrangian, and thus will be neglected in this work. 

In order to evaluate the matrix element of the effective lagrangian Eq. (13) between 
the nucleus as well as the initial and hnal leptons, we assume that the nuclear recoil is 
negligible, and the nucleus and the initial muon can be treated as nonrelativistic. Under 
these assumptions, the vector current and the scalar density of the nucleus contribute to the 
coherent conversion process, basically counting the number of protons and neutrons inside 
the target nucleus. Then, the conversion rate for the /i“ -|- ^^Ti ^ e- + ilTi is given by 


where 


r(/i +Ti —y e -h Ti) = 


a 


74 

_ 

1287r2 z 


|F(g" ~ \Q%\^, 


(18) 


n 2 


\Q%? = [(Z + m {Kt. + + ■4:t,(2Z + N) 

+ l(Z + 2N) {a% + + Al^pz + iV)]l 


(19) 


For o^Ti, one has Z = 22, N = 26, Z^ff = 17.6 and F[q^ ~ 


-m. 


~ 0.54 p. 


22 J-1, '-’lie 110,0 ZJ — 1 V — ^u, zjeff 

The experimental limit for the search for p“-|- 22 Ti —> e 
of the above conversion rate divided by the muon capture rate in ooTi, r(u capture in ooTi) = 
(2.590 ±0.012) X lOVsec |§ : 


± 22 Ti is commonly given in terms 


r(/i ± Ti —> e ± Ti) 
r(/i capture in llTi) 


< 4.3 X 10"^^. 


( 20 ) 


This puts a strong contraint on \QpT\\‘^ '■ 


\Q%\ < 1.2 X 10"® GeV-^ 


( 21 ) 


which can be translated into 



< 1.6 X 10“’, 


( 22 ) 


for rriuj^ = = rriy^ = 100 GeV. This is a new strong constraint which was not considered 

before to our knowledge. This is as good as those obtained from ArriK, ArriB 
neutrinoless double beta decay experiments 


11 or the 


10 . It also constrains different combinations 


of i?„—violating couplings. 
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III. CONSTRAINTS FROM r DECAYS 


Now, we consider lepton-family nnmber violating (LFNV) tan decays into a meson and 
a lepton, r —*> / + PS (or V), where / = e or /i, PS = 7r°, 77 , or and V = p^,uj, K*, or 0. 
The relevant effective lagrangian has been already constrncted in the previous subsection, 
Eqs. (5) and (7). The matrix element for (/, PS{ot V)\Ceff\T) can be evaluated using PCAC 
conditions : 


(7r°(p)|n7/,75M(0)|0) = = -(7r°(p)|d7/,75d(0)|0), 

(h(p)|w7M75M(0)|0) = ^ = (7 (p)|m7/.75m(0)|0) (23) 

(7(p)|s7/.75s(0)|0) = p^, 

(A(p)|d7^75s(0)|0) = iV2fKP^-, 
and using CVC conditions, 

(p°(p,e)|M7^M(0)|0) = nipfpe^* = -(p°(p, e)|d7/,d(0)|0), 

{a;°(p,e)|n7^M(0)|0) = = (a;°(p, e)|d7^d(0)|0), (24) 

(0(p,e)|s7/,s(O)|O) = m^f^ep\ 

(A*(p,e)|d7^s(0)|0) = mK*fK*ep*. 


The pseudoscalar meson decay constants, = 93 MeV and fx = 113 MeV, are extracted 
from the leptonic decay of each pseudoscalar meson, whereas the vector meson decay con¬ 
stants, fp = 153 MeV, = 138 MeV, = 237 MeV, and /k* = 224 MeV, can be obtained 
from p°(or u, 0) —> e’''e“ and r — K* + z/,-. 

Let us consider r(A;, s) —> ek{k ,s) + V{p,e). From the effective lagrangians Eqs. (5)-(7), 
one gets the corresponding amplitude as 

M{t ^ Ck + V) = ^ Avfvmv€*p e77''(l - 75 )^, (25) 


where 


= 


Av=(ujUi) 


Av={ujUi) + 

T/1 V- 

E '' mi'' 3 n 

^2 '^Smp'^knp 


771 - 

m,n,p ^ 


E 


Rp 

\' \'^ 
^Sip^kjp 

9 

nij 

<^Rp 


ior K =5 

ic;i J-^np ^np 


A 


V=(djdi) 


V 


771 ~ 

m,n,p ULp 


^Spi^kpj 


E 




Snj^'kmi 


for S 

iui J-^np ^np' 


( 26 ) 

( 27 ) 

( 28 ) 

( 29 ) 

( 30 ) 
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The decay rate for the t ^ eu + V \s given by 

V{t ^ Ck + V) =\Av\^fv hk-pk' -p + niyk-k'] (31) 

IzStt l J m; 

The limit on the Ay is given in Table I. Note that these limits in Table I are comparable to 
those from r —3e, , 3/i, and so on. However, these two classes of tan decays constrain 

different combinations of A and A from r — pT, or 3/i. Therefore, it is worthwhile 
to consider r —> Cfc + H, in addition to r —+ 7 and r —~, as an independent 
probe of lepton-family number violation beyond SM. These decays are also easier to study 
experimentally compared with another decays r —> + PS to be considered below, since 
one can tag the dilepton emerging from the decay of a vector meson V (except for K*^ which 
decays mainly into Kn). 

Next, consider r(A;, s) —>• ek{k , s ) + PS{p). There are two contributions : one from the 
axial vector current of quarks, and the other from the pseudoscalar density of quarks. Using 
the equations of motion for the lepton spinors and p = k — k , one can transform the former 
to the latter : 

p^l{k', s')7^(l - 75)r(/c, s) - 75) + m^(l + 75)) r 

~ m-rl{l + 75 )r, (32) 

ignoring the hnal lepton mass. Therefore, the corresponding amplitude derived from the 
effective lagrangians, Eqs. (5) and( 6 ) can be written as 

Mir^CkP PS) = -k{Al^PL + AI^Pr)t, (33) 

which leads to the following decay rate : 

r(r ^ek + PS) = ^ , (34) 

where PS{= 7r^,p,K) denotes the hnal pseudoscalar meson. We have ignored the hnal 
lepton mass compared to the tan mass. The relevant for PS = 7 r°, 7 , are given by 

the following expressions : 



( 37 ) 



( 38 ) 


V't V 

E ^np '^pm 
4777,? 

m,n,p ^"^ULp 


/ \' \'* _ 9 ^ 

\'^3nl'^km,l ^^3n2‘^km2) 

Urrir 


Um^ 

73 


< = -E 


-^n3fc-^nl2 y/2fKm\ 


Af = T. 


2ml^^ {rud + ms) ’ 

■^nfc3-^n21 7^p7)"^ , ' .'* 

2m7^ (mrf + m,) 4m7^ 


(72/. 


ii-TTlii- 


In numerical analyses, we use the following current quark masses : 

= 5 MeV, md = 10 MeV, = 200 MeV. 


(39) 

(40) 


(41) 


Comparing with the experimental upper limits on these SM-forbidden decays, we get the 
constraints shown in Table II. For the superparticle masses of 100 GeV, the constraints are 
all order of 10“^ — 10“^, which are in the similar range as the constraints obtained from the 
T ^ ek + V. (See Table I.) 


IV. CONSTRAINTS FROM J/^j AND 7r° DECAYS 

Finally, let us consider J/ip ^ eiCj with i ^ j, and similar decays for T and vr®. Since the 
J/i)) and T mainly decay via strong and electromagnetic interactions, these particles would 
give weaker constraints on LFNV couplings compared to the weak transitionis/decays we 
have considered before. However, in these decays, the relevant LFNV couplings from the 
effective lagrangian Eq. (7) differ from those in the others, and are simpler than those in the 
r —>■ / + PS. Normalizing the decay rate for the J//' —>■ eiCj (with i ^ j) io the SM process 
J/'ip —>■ e'^e~, we get (summing over two charged modes) 

F(J/'0 —» ejCj + ejCj) ^ ^ m^ \Ak) |2 (AP\ 

T{J/ij ^ e+e-) “ 64 (47ra)2 ' kP ’ ^ ^ 


with 



E h)ra2^2n ^ 

dnp 


(43) 


We have neglected the hnal lepton masses. For the Upsilon decays into CjCj, one can replace 
mp by mx, and multiply the above ratio by a factor of 4 

Unfortunately, there is no published upper limit on J/'0(or T(IS')) —^ e/r,/rr, or er. For 
example, the upper limit on the ratio 


^Note that Qb = —|e|/3 = —Qcl2. 
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( 44 ) 


r(J/V^ ^ e+e-) 

would imply < 7.2 for = 100 GeV. As one might expect, this limit is not that 

stringent, since J/'0 (and T) decays mainly through strong and electromagnetic annihila¬ 
tions, and not through weak annihilation. However, one may still try to search for the LFNV 
J/'ip decays at Tan-Charm factories. Note that \ 2 p^i 2 p never been constrained before. 


Similarly, the effective lagrangians, Eqs. (5) and (7) contribute to the decays 


e' e 


and 7] —as well as the LFNV decay 7r° —>• In these decays, the (pseudo)scalar x 

(pseudo)scalar couplings in Eq. (5) give the largest contributions because they are enhanced 
by a factor of m^/md compared with m-,^ or m^, if the couplings and the masses of the 
superparticles are in the same order of magnitude. So we ignore the contributions from 
(y — A) quark currents in Eqs. (5)-(7). In this approximation, the amplitude for 
becomes 


CiCj 




ejCj) — Ap^L + Ap^p ej^pCi^L, 


with 


Ap^L = 


Ap,_R — 


Uml 


8m. 

Urn: 


\’ \* 


d n 
2 


ml 

^Ln 


8mA 


^nlUnji 


mt 


‘'d n 

The resulting decay rate is (after summing over the charge conjugate state) 

.2\ 2 


(45) 

(46) 

(47) 


r(ir' 


0 


= 


rriTT 

Ibvr 


\Ap^L + -|- |Ap^p — Ap^ 




1- ^ 

mi 


(48) 


For the LFNV decays 7r° —>■ e^/i^, there is a tight upper bound on the branching ratio, 
1.72 X 10“®. This implies that (for m^i.^ = 100 GeV) 








< 0.14. 


(49) 


For the lepton number conserving decay —>■ e’''e , the branching ratio is known to be 

H(7r° ^ e+e“) = (7.5 ± 2.0) X 10"®, (50) 

which is dominated by the so-called unitarity bound coming from 7r° —>■ 77 —> e'''e“. This 


unitarity bound is calculable, and known to be |l8 

—>• e’''e“) m 

2f3e m 


■p { ^ 

■L unity'^ 


F(7r‘’ —>■ 77) 


In 


1 + /3e 
l-/3e 


= 4.75 X 10" 


(51) 


with U = ^1 — 4mg/m^o- Extracting this unitary bound from the experimental branching 
ratio and assuming no large contributions from the dispersive part of the two-photon contri¬ 
butions (ReA^..,,) or large cancellation between ReA..^.^ and the Rp—violating contributions. 
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we can put the (90 % C.L.) limit on the contribution from the violating interactions in 
Eq. (5) : 


for = 100 GeV. 


n 



< 0.15, 


(52) 


V. CONCLUSIONS 

In conclusion, we considered several different LFNV processes : (i) the muonium conver¬ 
sion, (ii) /i“-|- 22 Ti —e“-|-| 2 Ti, (iii) r decays into a lepton and a meson, r — l + PS (or U), 
and (iv) J/'ip(T,n^) —> ejCfc. From these processes, we got constraints on the i?—parity 
violating couplings and the superparticle masses. Some of these constraints are new, and/or 
stronger than constraints from other popular processes such as r —/i(e) + ■j, t ^ ll ~, 
etc.. We got one of the strongest constraints, Eq. (22), from e~ conversion on the 

22 Ti nucleus. This originates from the fact that the i?—parity violating terms can give 
tree-level contributions to the processes considered in this work. In many supersymmetric 
models with i?—parity conservation, on the other hand, LFNV processes usually arise from 
one-loop Feynman diagrams, so that the most important one is often the electromagnetic 
penguin (/i“ —> e“ 7 ) contribution to -|- 22 Ti e~ + 22 Ti. Therefore, dedicated searches 
for these decays at PSI, Tan-Charm factories and other facilities are clearly warranted, and 
are very important, because they will provide us with hints of new physics beyond the SM 
via lepton flavor violations from any origin, including those from supersymmetric models 
with/without i?—parity conservations. 
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TABLES 


TABLE I. Constraints from t ^ I + V with / = e or /x, and V = p^,K* or (j)- In the table 
we use the notations, Up = (100 GeV/m^i^p)^ and dp = (100 GeV/mj^ )^. Data are taken from 
the recent results reported by CLEO Collaborations, Ref. [17]. Sum over m,n,p = 1,2,3 is to be 
understood. 


final state 

Bexp 

Combinations constrined 

Constraint 

e/3° 

< 4.2 X 10"® 

Kip Ipm-^3nlIml 

h^p Ipm-^Sn 1lm2 

< 3.5 X 10-® 

< 3.5 X 10-® 

eK*^ 

< 6.3 X 10-® 

< 3.0 X 10-® 


< 5.7 X 10"® 

1^1 ^lm^3np^2mp^P 
h^plp™ ^3nl'^2m2 ^P 

< 4.2 X 10“® 

< 4.2 X 10“® 

pK*^ 

< 9.4 X 10"® 

< 3.8 X 10“® 

TABLE II. 

Constraints from r — 

^ 1 + PS with 1 = e oi p, and PS being 

a light pseudoscalar 

meson. In the table we use the notations, Un = (100 GeV/mp^^)^, Up = (100 GeV/mn^^)'^, and 

dp = (100 GeV/mj^ )^. Data are taken from Ref. [16]. Sum over m,n,p is to be understood. 

final state 

Bexp 

Combinations constrained 

Constraint 

evr® 

< 1.4 X 10"^ 

^np^pm^3nl^lml'’^P^ ^ml^nl^Smp^lnp'^P 

< 6.4 X 10“^ 

< 6.6 X 10“^ 

pTT^ 

< 4.4 X 10"® 

^n32^nll'^rLj ^n23^nll'^n 
^np^P'>T^^3nl^2rnl^P^ ^ml^'f^^^3mp^2np^P 

< 3.6 X 10-2 

< 3.7 X 10-2 

eK^ 

< 1.3 X 10"® 

^n31^nl2^n, ^nl3^n2l''^n 

L]JpIpm ^Snl ^lm2'*^P 

< 8.5 X 10-2 

< 4.0 X 10-1 


< 1.0 X 10-® 

^n32^nl2^n, ^n23^n2l''^n 
Vnp^pm^3nl^2m2'^P 

< 7.6 X 10-2 

< 3.6 X 10-1 

ep 

< 6.3 X 10"® 

^nSl^nll^rn ^nl3'^nll^fi 
^n31^n22'^rij ^nl3^n22'^n 

L]JpLpm(^3nl^lml ^^3n2^1m2)^P 

'^3mp'^ln|j^P 

< 4.5 X 10-® 

< 4.5 X 10-2 

< 7.8 X 10-2 

< 7.8 X 10-2 

pp 

< 7.3 X 10-® 

^n32^nll^n, ^n23'^nll^fi 
^n32^n22^rn Ki23^n22''^n 
^np^pm{^3nl^2ml ~ ‘^^3n2^2m2)'^p 
^ml I^l«'^3mp'^2np^P 

< 4.8 X 10-® 

< 4.8 X 10-2 

< 8.2 X 10-2 

< 8.2 X 10-2 
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